2-week steroid washout period, subjects received the alternate treatments in Period 2. Results There were no statistical differences regarding area under the curve (AUC) and maximum concentration (C max ) between AAFP and OAA. The bioavailability of abiraterone from AAFP versus OAA by geometric mean ratio was AUC 0-∞ , 95.9% (90% confidence interval [CI] 86.0-106.9); AUC 0-t , 99.2% (88.7-110.9); and C max , 116.8% (102.2-133.4). The coefficient of variation (CV) was smaller for AAFP versus OAA (AUC 0-∞ , CV 44.23 vs. 55.61%; AUC 0-t , 45.17 vs. 58.16%; C max , 54.55 vs. 65.65%, respectively). Both treatments were safe and well tolerated. Conclusions AAFP plus methylprednisolone provided abiraterone exposure that was comparable to OAA plus prednisone with respect to C max and AUC. Less drug exposure variability was observed with AAFP compared with OAA. Reduced pharmacokinetic variability may positively influence clinical outcomes and warrants further study in mCRPC patients.
Introduction
Prostate cancer growth is stimulated by androgens. This has led to the development of therapies that inhibit androgen synthesis or action. Abiraterone is an irreversible inhibitor of 17α-hydroxylase/C17, 20-lyase (CYP17A1) [1] , a key enzyme in androgen synthesis, and it is approved for use in patients with metastatic castration-resistant prostate cancer (mCRPC). In clinical trials, in patients with mCRPC, abiraterone acetate (AA) reduced circulating testosterone levels
Abstract
Purpose The originator abiraterone acetate (OAA) formulation is used for the treatment of metastatic castrationresistant prostate cancer (mCRPC). This study evaluated the bioavailability and bioequivalence of a novel formulation, abiraterone acetate fine particle (AAFP), versus OAA on a steady-state background of steroids. Methods Thirty-seven healthy male subjects were randomized in a crossover design to receive methylprednisolone (4 mg twice daily) or prednisone (5 mg twice daily) for 12 days in Period 1. On Day 11 of Period 1, subjects given methylprednisolone received a single dose of AAFP 500 mg, and subjects given prednisone received a single dose of OAA 1000 mg under fasted conditions. After a to <1 ng/dL [2] in many patients and improved survival rates [3, 4] .
One of the side effects of CYP17A1 inhibition is a decrease in cortisol levels and a compensatory increase in adrenocorticotropic hormone (ACTH). Excess ACTH, in turn, leads to an accumulation of steroids with mineralocorticoid properties upstream of CYP17A1 (reviewed by Auchus et al.) [5] . Glucocorticoids (e.g., prednisone) act by suppressing ACTH secretion from the anterior pituitary gland [5] . Prednisone has been used in conjunction with OAA to obviate the mineralocorticoid excess associated with CYP17A1 inhibition, and prevent the resultant side effects, such as hypokalemia, hypertension, and fluid retention [5] [6] [7] [8] . Prednisone is the steroid specified in the FDA approval for concomitant administration with OAA [9] . It is also a weak inducer of cytochrome P450 3A4 (CYP3A4) [10] , whereas abiraterone is a substrate of CYP3A4 [9] .
Methylprednisolone is another frequently used steroid in cancer therapies. A dose of 8 mg/day has been used in combination with docetaxel in men with mCRPC [11] . It is a CYP3A4 substrate [12] that also differs structurally from prednisone. A 5-mg dose of prednisone and a 4-mg dose of methylprednisolone have equivalent glucocorticoid effects, although methylprednisolone has lower mineralocorticoid activity compared with prednisone [13] .
Clinical pharmacokinetic evaluations of OAA have shown that abiraterone drug exposure approaches saturation and does not significantly increase beyond the OAA 1000-mg dose [9] . Additionally, a large variability in abiraterone exposure was reported in healthy subjects and in mCRPC patients [8, 10] . In patients, the mean area under the curve (AUC) of OAA at steady state (±standard deviation) is 1173 ± 690 ng·h/mL, with an intersubject variability of 64% [10] . In addition, OAA has a significant food effect; administering OAA shortly after a high-fat meal markedly increases abiraterone absorption compared with administration in the fasted state [10] .
New drug manufacturing processes can overcome some of the limitations in drug bioavailability and exposure variability. AA fine particle (AAFP) is a novel proprietary formulation of AA utilizing SoluMatrix Fine Particle Technology™, which is licensed from iCeutica, Inc., to Churchill Pharmaceuticals LLC, for use with AAFP. This formulation was designed to improve the oral bioavailability of abiraterone compared with the OAA formulation and to reduce food effects. In a previous companion study of healthy male subjects, AAFP 500 mg was shown to be bioequivalent to OAA 1000 mg using the 80-125% limit rule for C max and AUC for bioequivalence, when taken under fasted conditions and in the absence of steroids [14] . In addition, in another previous study, AAFP was found to have approximately 50% less food effect [15] than what has been reported for OAA [10] .
The present study was conducted to evaluate the effect of using an alternative steroid to prednisone (methylprednisolone) on the bioequivalence and variability of abiraterone drug levels following administration under fasted conditions of AAFP in comparison with OAA plus prednisone. 
Materials and methods

This
Study population
Healthy male subjects aged 18-50 years with a body mass index between 18 and 30 kg/m 2 and a body weight of at least 50 kg were eligible. Subjects included in the study were required to be in good health based on the results of a physical examination, vital signs, electrocardiography, and clinical laboratory testing (hematology, biochemistry, and urinalysis). Subjects were excluded from the study if they had a history of diabetes or immunosuppression, were susceptible to the psychological effects of steroids, used prescription medication, or received a positive test result for drugs of abuse or alcohol at the screening visit.
Study design
This was a 2-period, randomized, crossover, open-label, 2-treatment, Phase I study in 37 healthy male volunteers. In Period 1, subjects were admitted at the study center the evening before the first scheduled steroid dose. The following morning (Day 1), subjects were randomly assigned to 1 of 2 treatment regimens: Treatment A consisted of 12 days of methylprednisolone [4 mg twice daily (BID)] with a single dose of AAFP 500 mg on Day 11; Treatment B consisted of 12 days of prednisone (5 mg BID) with a single dose of OAA 1000 mg on Day 11. Twelve days of steroid administration were chosen to achieve a pharmacodynamic steady state and to allow for any enzyme induction that might occur. Subjects began twice-daily dosing with the assigned steroid on Day 1. On the evening of Day 10, all subjects underwent a minimum 10-h overnight fast. The following morning (Day 11), subjects received a single dose of steroid and a single dose of either AAFP 500 mg or OAA 1000 mg. The second dose of steroid was administered later that evening. Subjects continued to receive their assigned steroid twice daily on Day 12, and following the 48-h collection of pharmacokinetic samples, were discharged from the study site the following morning (Day 13).
In Period 2, subjects returned to the center following a 14-day washout period (from dose to dose). The same study procedures were performed as in Period 1; however, the subjects followed the order of their randomly assigned treatment sequences and "crossed over" to the other treatment. Blood samples for determination of AA plasma concentrations were collected predose (−0.75) and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 36, and 48 h after dosing of AAFP or OAA in each study period.
AAFP tablets were manufactured by Mayne Pharma Group, Ltd, for Churchill Pharmaceuticals LLC. OAA tablets, prednisone, and methylprednisolone were obtained commercially.
Pharmacokinetic analysis
The pharmacokinetic population included subjects who were dosed with both AAFP on a background of methylprednisolone (4 mg BID) and OAA on a background of prednisone (5 mg BID) under fasted conditions. The following plasma pharmacokinetic parameters were determined: the AUC from time 0 to the time (t) of the last quantifiable concentration (C t ) (AUC 0-t ), calculated by the linear trapezoidal method; the apparent elimination rate constant (K e ), determined by linear regression of the terminal points of the log-linear concentration-time curve; the AUC from time 0 to infinity (AUC 0-∞ ), approximated by linear trapezoidal summation and extrapolated to infinity by the addition of C t /K e ; the maximum measured plasma concentration (C max ); the time to maximum measured plasma concentration (T max ); and the apparent terminal elimination half-life (T ½ ), calculated as log e (2)/K e or 0.693/K e .
Safety assessments
All subjects who received at least 1 dose of AAFP or OAA were included in the safety population. Assessments included physical examinations, vital signs, electrocardiography, clinical laboratory testing (hematology, biochemistry, and urinalysis), and adverse event (AE) assessments. AE assessments and concomitant medications were assessed throughout the clinical study.
Sample size
The sample size estimation of 30 subjects for this study was based on the power approach of comparative analysis, since the study's primary analysis involved evaluating the differences in pharmacokinetic parameters between dosing conditions. Accounting for a dropout rate of 20% over the study duration and a balanced 2-treatment crossover design, the investigators planned to randomize and dose 38 subjects without replacement.
Statistical analyses
For the primary endpoint, analysis of variance (ANOVA) for a 2-treatment crossover design was employed to examine the differences in the rate and extent, as indexed by C max and AUC, of drug absorption between the 2 treatment regimens for single doses of AAFP 500 mg (test) and OAA 1000 mg (reference). The ANOVA model included sequence, subject-within-sequence, period, and regimen. The sequence effect was tested using the subject-within-sequence effect, and all other effects were tested using the residual error of the model. A null hypothesis of zero difference in a parameter between each test and reference condition was assessed at the 0.05 significance level, with the alternative hypothesis of nonzero differences. The pharmacokinetic parameters of T max , T ½ , and K e were compared for test versus reference regimens using the nonparametric Wilcoxon signed rank test.
To assess the secondary endpoints, bioequivalence, AUC, and C max parameters were analyzed on a log scale, using the same model outlined for the primary analysis, to assess bioequivalence of AAFP 500 mg versus OAA 1000 mg. The 2 one-sided t test hypotheses were tested at the 0.05 significance level by constructing 90% confidence intervals (CI) for the geometric mean ratios. Bioequivalence was concluded if the 90% CIs of the ratio were within 0.80-1.25 for AUC and C max parameters.
Results
Patient disposition
Thirty-seven subjects received the treatment in Period 1. One patient who received AAFP in Period 1 was lost to follow-up, leaving 36 patients who completed both treatment periods. Subject baseline characteristics and demographics are shown in Table 1 .
Pharmacokinetic parameters
Following single-dose administrations of the test and reference drugs on a background of steady-state steroids, the average plasma concentration of abiraterone for AAFP closely overlapped the average plasma concentration for OAA, with the peak level of AAFP being slightly higher (Fig. 1a) . Levels of both treatments peaked approximately 2 h postdose. This pattern was also observed with the individual subjects for each treatment (data not shown).
There were no statistically significant differences in the extent and rate of drug exposure between AAFP on a background of methylprednisolone versus OAA on a background of prednisone under fasted conditions (Table 2 ; Fig. 1b ). There was a small but significant difference between AAFP 500 mg and OAA 1000 mg in mean T ½ values for abiraterone (12.26 vs. 16 .62 h, P < 0.001, respectively) ( Table 2) . With reference to OAA plus prednisone, the relative bioavailability of AAFP plus methylprednisolone as measured by percent of the test-toreference mean was 93.3, 96.3, and 112.4% for AUC 0-∞ , AUC 0-t , and C max , respectively.
Bioequivalence analysis
With reference to OAA 1000 mg, the relative bioavailability of AAFP 500 mg measured by the geometric mean ratio for AUC 0-∞ was 95.9% (90% CI 86.0-106.9); for AUC 0-t was 99.2% (90% CI 88.7-110.9); and for C max was 116.8% (90% CI 102.2-133.4) ( Table 3 ; Fig. 2 ). These results indicate that a single dose of AAFP 500 mg on a background of steady-state methylprednisolone (4 mg BID) under fasted conditions was bioequivalent in terms of AUC to a single dose of OAA 1000 mg on a background of steadystate prednisone (5 mg BID) under fasted conditions based on the bioequivalence criteria of the 80-125% limits for the 90% CIs. For C max , the upper bound of the 90% CI fell slightly above the limit of predefined bioequivalence criteria for AAFP (Table 3) . 
Safety
Thirty-six of the 37 enrolled subjects received all planned doses of AAFP 500 mg and OAA 1000 mg per protocol.
One subject who received AAFP in the first period of the study was lost to follow-up. Twenty mild (Grade 1) treatment-emergent AEs (TEAEs) were reported during the course of the study in 13 patients, of which 11 were considered by the investigator to be related to, and consistent with, the tested drugs. Table 4 shows the number and percentage of subjects with TEAEs occurring in ≥2 subjects in each system and organ class. No deaths or other serious TEAEs and no discontinuations due to a TEAE occurred during the study. No TEAEs related to clinical laboratory evaluations, vital signs, or electrocardiography were reported, and no clinically significant abnormal physical examination findings were reported. All TEAEs were considered to be resolved by the end of the study.
Discussion
The present study demonstrated that AAFP on a steadystate background of methylprednisolone meets the bioequivalence criteria to OAA on a steady-state background of prednisone for AUC 0-∞ and AUC 0-t variables. For C max , although the bioequivalence criteria were not met, the relative bioavailability was 112.4%, and this small difference was not statistically significant (P = 0.2242). The inherent properties of methylprednisolone, an alternative steroid to prednisone, did not negatively impact the mean values for AUC and C max . Thus, the administration of methylprednisolone with the AAFP formulation appeared to be well tolerated and safe, and it provided similar bioavailability compared with OAA and prednisone. Methylprednisolone has lower mineralocorticoid effects, while retaining similar glucocorticoid and anti-inflammatory effects to prednisone at the doses used in this study [13] . Based on the results of this study, this difference between methylprednisolone and prednisone does not appear to impact abiraterone exposure levels. Importantly, compared with OAA and prednisone, the combination of AAFP and methylprednisolone resulted in a decrease in intersubject abiraterone drug level variability, as demonstrated by the lower CVs across all key parameters of AUC 0-∞ , AUC 0-t , and C max . This may be due to the increased bioavailability of the new formulation, which halved the dose of abiraterone acetate required to achieve the same blood levels under fasted conditions [14] .
Considerable variability has been reported for OAA, with between-subject variability in healthy subjects ranging from 40.5 to 140.6% for AUC 0-∞ and from 32.7 to 119.8% for C max [10] . Moreover, this variability has been demonstrated when OAA is administered to mCRPC patients in particular. An FDA clinical pharmacology review of OAA indicated significant intersubject variability after a single dose of OAA in mCRPC patients: CV 107% for AUC 24h and 140% for C max , and after multiple-day dosing, the CV was approximately 64% for AUC 24h and 79% for C max [10] . Ryan et al. [8] reported that the CV for AUC 0-∞ was 57.9% and for C max was 71.9% in a sample (n = 6) of mCRPC patients administered the 1000-mg dose of OAA under fasted conditions.
It was previously observed that in conjunction with increasing the bioavailability of AA under fasted conditions, the AAFP formulation had a less dramatic food effect. This was demonstrated in a food effect study [15] that showed that the extent of AAFP 500-mg drug exposure, although still impacted by food, was considerably less than what was reported for OAA [10] .
The improved variability finding is intriguing, especially considering the potential positive impact of the A B Fig. 1 a Mean plasma abiraterone concentration-time plots on steady-state steroid and under fasted conditions for the pharmacokinetic population (linear scale). b AUC and C max parameters (mean ± standard error) for AAFP 500 mg and OAA 1000 mg administered with steady-state methylprednisolone 4 mg and prednisone 5 mg, respectively. The y axis is intentionally unlabeled. AAFP abiraterone acetate fine particle, AUC 0-∞ area under the plasma concentration-time curve from time 0 extrapolated to infinite time, AUC 0-t area under the plasma concentration-time curve from time 0 to the time of the last quantifiable concentration, C max maximum concentration, OAA originator abiraterone acetate, PK pharmacokinetic lower variability of abiraterone drug exposure on clinical outcomes, including suppression of testosterone. This is equally so with respect to safety and tolerability. For example, if the occurrence and frequency of hepatotoxicity is related to a high overall extent of exposure, a reduction in variability could decrease the number of patients with higher ranges of drug exposure, and thereby reduce their potential to develop this toxicity. High degrees of drug variability can challenge patients and clinicians, both in ensuring that efficacious drug levels are achieved in most or all patients, and in minimizing toxicity associated with excessively high blood drug levels [9] .
The limitations of this study include the single dosing in healthy volunteers, and the fact that there was no randomization of the AA formulations to the alternative steroid (e.g., AAFP with prednisone and OAA with methylprednisolone). In addition, this is not a formal drug-drug interaction study, in which much higher doses of steroids might have demonstrated an impact on abiraterone concentration. The greatest strengths of this study are that the doses of prednisone and methylprednisolone were tested at levels that would typically be used clinically, and that the bounds of the CI of the geometric mean ratio of AUC of abiraterone for AAFP and OAA met the requirement for bioequivalence. An additional strength is the crossover design, allowing subjects to serve as their own control.
Further investigation of AAFP versus OAA is warranted in mCRPC patients over a longer duration of administration, including an evaluation of pharmacodynamic indicators such as testosterone levels, prostate-specific antigen levels, durability of response, and time to progression, in addition to abiraterone drug levels. Such a study (ClinicalTrials.gov Identifier: NCT02737332) is currently underway. In conclusion, with regard to AUC, AAFP 500 mg administered on a background of steady-state methylprednisolone was shown to be bioequivalent to OAA 1000 mg on a background of steady-state prednisone. The findings support the clinical use of methylprednisolone with AAFP. Additionally, the between-subject variability in drug exposure parameters (AUC and C max ) was consistently lower for AAFP 500 mg compared with OAA 1000 mg; this could potentially have a favorable impact on clinical outcomes. A comparative study is underway to better understand the pharmacodynamics and clinical characteristics of AAFP versus OAA. thank the study participants and the site staff who made this study possible. All authors contributed to data analysis, interpretation of the results, and preparation of the report, and all approved the final version. All listed authors meet the criteria for authorship set forth by the International Committee for Medical Journal Editors. Editorial support was provided by Gautam Bijur, Ph.D., of AOIC, LLC, and was funded by Churchill Pharmaceuticals LLC.
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